Rice stripe virus (RSV), the type member of the genus Tenuivirus, transmits by the feeding behavior of small brown planthopper (SBPH), Laodelphax striatellus. To investigate the interactions between the virus and vector insect, total RNA was extracted from RSV-viruliferous SBPH (RVLS) and non-viruliferous SBPH (NVLS) adults to construct expressed sequence tag databases for comparative transcriptome analysis. Over 30 million bases were sequenced by 454 pyrosequencing to construct 1,538 and 953 of isotigs from the mRNA of RVLS and NVLS, respectively. The gene ontology (GO) analysis demonstrated that both libraries have similar GO structures, however, the gene expression pattern analysis revealed that 17.8% and 16.8% of isotigs were up-and down-regulated significantly in the RVLS, respectively. These RSV-dependently regulated genes possibly have important roles in the physiology of SBPH, transmission of RSV, and RSV and SBPH interaction.
Rice stripe virus (RSV), the prototype virus of genus tenuivirus, is a non-enveloped RNA virus which forms circular filamentous shape of ribonucleoprotein particles with four species of segmented single-stranded RNA genome of RNA1, 2, 3 and 4 according to the size of each RNA molecule (Hibino et al., 1985; Ishikawa et al., 1989) . The largest segment RNA1 encodes a 336.8 kDa protein which is thought to be a RNA dependent RNA polymerase, RdRP (Toriyama et al., 1994) . RNA2 encodes 94 kDa glycoprotein and NS2 (Takahashi et al., 1993) , RNA3 encodes NS3 and CP (Zhu et al., 1991) , and RNA4 encodes SP and NS4 (Zhu et al., 1992) . RNA1 is a negative-sense single strand while RNA2, 3, and 4 are ambisense in their coding strategy . RSV is one of the most serious viral rice pathogens which occur in South Korea, China, and Japan. The typical symptoms of RSV infected rice plant are chlorotic stripes or necrotic streaks on leaves, and premature wilting. Some of the leaves emerge abnormally unfolded, and then elongate to become twisted and droop. The RSV often causes significant reduction in yield. Especially the rice plants inoculated with RSV in 11-leaf stage or earlier produce no grain (Hibino, 1996; Ling, 1972) .
The mechanisms of the insect vector mediated plant virus transmission are diverse based on the differences of the duration of which the vector insects can harbor infectious viral particles. The transmission mechanisms can be classified into three categories; non-persistent (harboring viruses for a few seconds/minutes), semi-persistent (a few hours/ days, but lost upon molting), and persistent (often throughout the lifespan of the vectors) (Ng and Falk, 2006) . Most of the plant viruses are dependent on the vector insects for plant-to-plant spread, and one of the most important vector insects are hemipterans, which can transmit viruses during feeding with their piercing-sucking mouthpart in the phloem (Hogenhout et al., 2008) . The small brown planthopper (SBPH), Laodelphax striatellus Fallén (Hemiptera: Delphacidae), is one of the vectors of RSV and classified as a vector of persistent transmission because RSV replicates persistently in the SBPH ovary to transmit virus to the offspring transovarially (Toriyama, 1986) as well as circulatively to proliferate and escape from the midgut, salivary gland and ovary barriers for host-to-host infection (Nault and Ammar, 1989) . Many of the tenuiviruses rely on planthopper vectors for transmission, and the vector specificity is high (Falk and Tsai, 1998) . The SBPH is one of the most important insect vectors of RSV, however, our knowledge of the SBPH biology is limited and most of the interactions between RSV and SBPH have received less attention so far.
To investigate the RSV-SBPH interaction, we employed (Ronaghi et al., 1996) on the Roche 454 GS-FLX platform was used to create EST databases of RSV-viruliferous SBPH (RVLS) and nonviruliferous SBPH (NVLS), and the gene expression pattern of RVLS and NVLS were compared based on the read counts of each isotigs. We also conducted quantitative realtime PCR (qPCR) experiments with selected genes from the EST database to validate the sequencing results.
RSV-viruliferous and non-viruliferous Laodelphax striatellus. The RVLS and NVLS were collected from the RSV infected rice field and healthy rice seedlings, respectively. The RVLS and NVLS colonies were reared in the laboratory on 2 − 3 cm tall rice seedlings in glass vessels under a light:dark cycle of 16:8 h at 25°C and transferred to fresh seedlings every 10 − 14 days to assure sufficient nutrition. After a few generations, total RNA for nucleotide sequencing was extracted from RVLS and NVLS with TRIReagent (Invitrogen, USA) according to the manufacturer's instruction, and RT-PCR was performed to detect RSV in the RVLS and NVLS. Two pairs of primers for specific amplification of RSV sequences were designed as follows; RSV-CP-F: 5'-GCT CAT AAA GCT GAT GTT G-3' and RSV-CP-R: 5'-GTC TTC ACT TTC CCA TTG-3' correspond to the nucleotide sequence of coat protein gene in RNA3 with 969 base pair (bp) of expected PCR product. RSV-NCP-F: 5'-GAA AGA TCC AGA GAG AGT CA-3' and RSV-NCP-R: 5'-CAA AAT AAG TTG GCA TCT TC-3' correspond to the nucleotide sequence of non-capsid protein gene in RNA4 with 537 bp of expected PCR product. Another two pairs of primers for specific amplification of SBPH sequences were designed as follows; CCOS-F: 5'-ATT GCT CAT AAA GCT GAT GTT G-3' and CCOS-R primer: 5'-CCG TAC CAG GAC GAA TTA-3' correspond to the nucleotide sequence of cytochrome c oxidase subunit II with 684 bp of expected PCR product. ATP-F: 5'-CCC TCA AGT CAC CTC TCT-3' and ATP-R: 5'-ATG GAA TTT CTG AGG AA-3' correspond to the nucleotide sequence of ATP synthase F0 subunit 6 with 655 bp of expected PCR product. cDNAs were synthesized with the reverse primer of each genes, and RT-PCR reactions were performed with AccuPower one-step RT-PCR premix (Bioneer, Korea). The RT-PCR result confirmed that only the RNA samples from the RVLS amplified viral sequences while both RVLS and NVLS samples amplified SBPH specific sequences (data not shown).
Transcriptome sequencing and EST library construction. To conduct the transcriptome sequencing of RVLS and NVLS, total RNA samples were extracted with TRIReagent from approximately 500 SBPHs of RVLS and NVLS colonies, respectively. 200 ng of mRNA samples were eluted from the total RNA samples by using oligo-dT hybridization followed by heat fragmentation, and reverse transcription to synthesize cDNA with random hexamer. Second strand was synthesized with second strand enzyme followed by 2 hour incubation in buffer for recovery of double stranded cDNA, 5'-phosphorylation and addition of 3'-dA overhang. Finally, adaptor was ligated and the samples were amplified to be prepared for sequencing. Approximately 5 ug of each amplified cDNA samples from RVLS and NVLS were subjected to two of 1/8 plate sequencing runs with a Roche 454-GS-FLX Titanium sequencer. The sequence data were processed with GS-FLX software v2.5.3 to remove low quality sequences, and the resulting sequences were then screened against the NCBI UniVec database and Escherichia coli genome sequences to remove contaminant sequences, then the sequences shorter than 100 bp were discarded. The processed sequences were assembled into isotigs using Newbler v 2.5.3 software to construct two EST libraries of RVLS and NVLS. Both data sets of assembled contigs and singletons from RVLS and NVLS were pooled to construct a combined sequence dataset which was supposed to have more and longer SBPH contigs. The combined dataset was used to build a new reference EST library to compare with RVLS and NVLS, and to analyze differential gene expression pattern. The features of the three EST libraries are summarized in Table 1 , and the EST libraries in FASTA format are available upon request. The sequence data of RVLS and NVLS were deposited in the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) with accession numbers of SRR538840 and SRR538841, respectively.
Gene ontology analysis. To obtain an overview of the transcriptome of SBPH, the isotigs of RVLS and NVLS were subjected to GenBank nr database with BLASTX and gene ontology (GO) analysis to annotate the isotigs into three main categories; biological process, cellular component, and molecular function (Ashburner et al., 2000) . The GO distributions of the isotigs and singletons of both RVLS and NVLS were similar to each other (Table 2) , and the detailed GO annotations of each subcategory also showed similar trends of distributions. This result implies that the RSV did not alter the gene expression attributes of SBPH significantly. The 2,555 isotigs of the combined dataset were analyzed by comparing with Drosophila proteins using BLASTX with a cut-off value of 1e-05 to identify their gene functions. Total of 1,467 isotigs of the BLASTX hits were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology analysis (Kanehisa et al., 2004) to categorize their functional classes (Fig. 1A) . Fig. 1 . KEGG analysis of total (A), and UP and DOWN (B) isotigs. (A) Functional groups of the combined EST database defined by KEGG orthology were classified as carbohydrate metabolism, energy metabolism, lipid metabolism, nucleotide metabolism, amino acid metabolism, biosynthesis of other secondary metabolites, xenobiotics biodegradation and metabolism, transcription, translation, folding sorting and degradation, replication and repair, membrane transport, signal transduction, cellular processes, and organismal systems. (B) The isotigs which showed significantly different transcription level based on the read number (a binominal probability of < 0.1) were classified as UP or DOWN. UP and DOWN indicate the genes up-and down-regulated in RVLS, respectively.
Comparison of gene expression. To compare the gene expression pattern of RVLS and NVLS, the total read counts of SBPH isotigs from RVLS and NVLS were normalized arithmetically, and then total of the 2,543 SBPH isotigs from the combined EST library were plotted based on the normalized read counts in RVLS and NVLS Fig. 2 . Graph of the read counts of RVLS and NVLS for each isotig. The sequence read counts of RVLS and NVLS of each isotig were graphed on an x-y plot. For convenience, isotigs were ploted on two separated graphs. For the contigs which have less than 200 read counts are shown in the left panel, and the isotigs with more than 200 read counts were graphed in the write panel. Total of 2,543 SBPH isotigs were subjected to this plot, and 1,662 of the isotigs were not significantly affected (p > 0.1) while 453 and 428 of isotigs were upand down-regulated, respectively. Up-and down-regulated isotigs are indicated as diamonds and squares, respectively. sequencing results. The significant differences of the transcription levels were determined by comparing the read counts of each isotig (binominal probability of < 0.1) to identify the isotigs which were up-or down-regulated by RSV. The distribution of isotigs showed that majority of the host genes were not significantly affected while 453 (17.8%) and 428 (16.8%) of isotigs were up-and downregulated in RVLS, respectively (Fig. 2) . The isotigs which showed significant differences of the transcription levels were also subjected to KEGG orthology anaylsis to show their functional classes. The isotigs related to folding, sorting and degradation, and cellular processes were upregulated while the genes related to translation and xenobiotics metabolism were down-regulated compared with those of the NVLS. In particular, the genes related to translation were significantly down-regulated (Fig. 1B) . Especially, the numbers of isotigs which showed more than ten normalized read count in either RVLS or NVLS with more than 10-fold of up-and down-regulation in RVLS were 234 and 308, respectively. These differentially expressed isotigs were subjected to GenBank insect nr database with BLASTX, and the total of 23 up-regulated and 22 downregulated isotigs of BLASTX hits were summarized in Tables 4 and 5 , respectively.
Verification of 454 pyrosequencing results using qPCR.
To validate the pyrosequencing results of the SBPH transcriptomes, the transcription levels measured based on the read counts were compared with those of qPCR. For qPCR, total of seven translation-related isotigs (translational initiation factor 1, 2, and 3, and ribosomal protein 1, 2, 3, and 4), which belong to the KEGG functional group of which showed the most significant difference of the transcription level between RVLS and NVLS, were selected. Also heat shock protein 1 and 2, and vitellogenin genes were selected for qPCR along with elongation factor 2 (EF2) gene as a reference for normalization (Tong et al., 2009) . The cDNA was synthesized from the total RNA of RVLS and NVLS using QuantiTect Reverse Transcription Kit (QIAGEN, Germany) according to the manufacturer's instructions, followed by qPCR conducted using EvaGreen qPCR Mastermix (Applied Biological Materials Inc, Canada) and CFX96™ Real-Time System (BIO-RAD, USA). The primers used for the qPCR are listed in Table 5 . The qPCR results confirmed that the ten isotigs were indeed transcribed in both RVLS and NVLS, and the calculation of the relative transcription levels of the isotigs using 2 −ΔCt method (Pfaffl, 2001) demonstrated that the seven genes (vitellogenin, heat shock protein 1 and 2, and ribosomal protein 1, 2, 3 and 4) and the other three genes (translation initiation factor 1, 2 and 3) were up-and down-regulated in RVLS, respectively. To calculate fold differences of the isotigs, the read counts of the isotigs in RVLS and NVLS which are the corresponding isotigs of the qPCR experiment were measured in reads per kilobase of exon per million mapped sequence reads (RPKM) (Mortazavi et al., 2008) . The sequence reads of the five isotigs (heat shock protein 1 and 2, translation initiation factor 1, 2 and 3) were confirmed in both RVLS and NVLS while the other five isotigs (vitellogenin, ribosomal protein 1, 2, 3 and 4) were confirmed in RVLS exclusively. The expression levels measured by qPCR were in a good accordance with the ratios of read counts of the EST libraries (Fig. 3) .
Rice stripe virus transcripts in viruliferous L. striatellus. The RSV transcripts of three of the seven viral ORFs, NS3, CP and RdRP were confirmed in RVLS, and their sequence read counts were 293, 224 and 5, respectively. The total RSV read counts were 522, and this was 0.63% of the total of 83,041 valid sequence reads of RVLS contigs and singletons. The low read count of RdRP suggests that the replication of RSV is not highly active in SBPH while NS3 was the most abundant RSV transcript in RVLS which codes for viral suppressor of siRNA (Hemmes et al., 2009) . CP was the second most abundant RSV transcript which codes for capsid protein (Hayano et al., 1990) . Both NS3 and CP are the genes located on genomic and antigenomic strand of RSV RNA3, respectively. Therefore the similar levels of NS3 and CP transcripts possibly suggest that the genes in RNA3 are under the same gene expression regulation mechanism, however, qPCR experiments to quantify the RSV transcripts in RVLS need to be performed to prove the hypothesis. The 454 pyrosequencing results demonstrated that the next generation sequencing (NGS) technique was able to reflect the characteristics of the transcriptome of RVLS. The genes in the RVLS which showed different transcription patterns indicated that the RSV may alter the gene expression of the SBPH which possibly affects the physiology, fitness and behavior of RVLS. The up-regulated heat shock protein genes might be one of the examples that the RSV may take the advantage of altering gene transcription to improve fitness of the vector because heat shock proteins play a significant role in generating tolerance to stresses (Krebs, 1999; Sorensen et al., 2003) . It is also interesting to note that the transcription level of vitellogenin in RVLS was highly up-regulated, which means RSV might modulate the host vitellogenin pathway genes to promote the oogenesis or alter sex ratio of RVLS to facilitate its persistent transovarial transmission via the offsprings of RVLS. The highly up-regulated ribosomal protein genes were also the possible consequence of the up-regulation of vitellogenin because the ovarian cells need more amount of translational machinery, however, the down-regulated translation initiation factors are paradoxical because the recruitment of transcription initiation factors is a crucial step of protein synthesis. Many viruses can inhibit host translation initiation factors to take over host gene expression by which are usually viral protein mediated protein level interactions, rather than transcription regulation (Walsh and Mohr, 2011). It suggests that RSV possibly can alter the transcription of the genes for cellular translational machinery direct or indirect manner. Another example of viral modulation of cell physiology is the major viral transcript NS3, a RNAi suppressor which binds 21 nt siRNA, and it might be a viral strategy to evade defense system of SBPH and rice plant (Alvarado and Scholthof, 2009; Hemmes et al., 2007) . Early studies on vector transmission of plant viruses demonstrated the specificity of the virus-vector interaction, which says that the instances of the biological properties associated with the transmission process may differ significantly (Ng and Falk, 2006) . However, the genomics approach to study the virus-vector interaction using NGS technique might contribute to investigate the gene regulation mechanism in the persistent vector insects and the upstream regulation factors, which will be a new approach to study the interaction among the virus, plant, and vector. Fig. 3 . Validation of the 454 pyrosequencing results by qPCR. The expression profiles of the ten isotigs were analyzed by qPCR to validate the 454 pyrosequencing results. The relative transcription levels are expressed in fold differences of RVLS to NVLS calculated by qPCR using 2 −ΔCt method. Vitellogenin, heat shock protein 1 and 2, and ribosomal protein 1, 2, 3 and 4 were up-regulated while translation initiation factor 1, 2 and 3 were down-regulated in RVLS. The transcription level calculated with sequence read counts of the five of the ten genes, heat shock protein 1 and 2, translation initiation factor 1, 2 and 3, demonstrated that the transcription levels measured by genomics and experimental methods were in a good agreement. The other five genes, vitellogenin, ribosomal protein 1, 2, 3 and 4, which showed substantial read counts in RVLS, had no read counts in NVLS so that these genes were not able to calculate the fold differences (indicated with asterisk). NGS and qPCR indicate the fold differences calculated with the sequencing and qPCR results, respectively.
